Background: Mitosis depends upon the cooperative action of multiple microtubule (MT)-based motors. Among these, a kinesin-5, KLP61F, and the kinesin-14, Ncd, are proposed to generate antagonistic-sliding forces that control the spacing of the spindle poles. We tested whether purified KLP61F homotetramers and Ncd homodimers can generate a force balance capable of maintaining a constant spindle length in Drosophila embryos. Results: Using fluorescence microscopy and cryo-EM, we observed that purified full-length, motorless, and tailless KLP61F tetramers (containing a tetramerization domain) and Ncd dimers can all cross-link MTs into bundles in MgATP. In multiple-motor motility assays, KLP61F and Ncd drive plus-end and minus-end MT sliding at 0.04 and 0.1 mm/s, respectively, but the motility of either motor is decreased by increasing the mole fraction of the other. At the ''balance point,'' the mean velocity was zero and MTs paused briefly and then oscillated, taking w0.3 mm excursions at w0.02 mm/s toward the MT plus end and then the minus end. Conclusions: The results, combined with quantitative analysis, suggest that these motors could act as mutual brakes to modulate the rate of pole-pole separation and could maintain a prometaphase spindle displaying small fluctuations in its steady-state length.
Introduction
Members of the kinesin-5 family of microtubule (MT) motors [1] play critical roles in mitosis [2] [3] [4] [5] [6] [7] [8] , and their importance is underscored by the finding that yeast cell division and viability can be supported by a kinesin-5, Cin8p, plus one other factor, a MT depolymerase [3] . In Drosophila melanogaster embryos, genetic experiments and antibody-inhibition experiments suggest that a kinesin-5, KLP61F, is required to maintain the bipolar prometaphase spindle [5, 9, 10] . During metaphase and anaphase, KLP61F is proposed to drive the persistent outward sliding of interpolar (ip) MTs; this outward sliding not only drives anaphase B spindle elongation, but also, when coupled to ipMT depolymerization at spindle poles, underlies poleward flux [11, 12] . Studies in frog extracts support the latter model for kinesin-5 action [13] [14] [15] .
Native KLP61F purified via MT affinity from Drosophila embryos has a homotetrameric, bipolar structure, formed by the antiparallel arrangement of kinesinrelated motor subunits, with pairs of motor domains at opposite ends of a single rod [2, 16, 17] , and a similar architecture was subsequently proposed for frog and yeast kinesin-5 [18, 19] . Because kinesin-5 motors drive slow, plus-end-directed MT motility [2, 7, 19, 20] , it is plausible that kinesin-5 functions by cross-linking and sliding apart antiparallel ipMTs in a ''sliding filament'' mechanism. In support of this hypothesis, kinesin-5 forms cross-bridges between ipMTs in the spindle interzone [21] and slides apart antiparallel MTs in motility assays [19] . This can be controlled by the phosphorylation of the bimC box within the kinesin-5 tail; this phosphorylation targets the protein to its site of action within the spindle [21, 22] .
In many systems, the action of kinesin-5 motors is antagonized by the minus-end-directed, homodimeric kinesin-14 motors, which are capable of bundling MTs in vitro [23] [24] [25] [26] [27] . In Drosophila embryos, for example, antibody inhibition of KLP61F in null mutants lacking Ncd, a kinesin-14, suggests that Ncd drives an inward sliding of ipMTs that antagonizes KLP61F [9, 10] . Thus a balance of forces exerted on the spindle poles by KLP61F-generated outward ipMT sliding and Ncd-generated inward ipMT sliding is proposed to maintain the prometaphase spindle at a constant, steady-state length [9, 10, 28] .
In vitro motility assays using small numbers of motors reveal that Ncd is a relatively fast (0.1 mm/s), nonprocessive, low-duty-ratio mitotic motor, capable of generating pN-scale stall forces, so that a critical number of motors is necessary to ensure that at least one motor is in a strong binding state at all times to slide ipMTs [26, 29, 30] . The kinesin-5 motor Eg5, on the other hand, is a slower (0.01-0.04 mm/s) processive motor characterized by almost linear force-velocity relations for hindering loads of up to 4 pN, with higher loads serving to detach the motor from its track [20] .
In fly-embryo spindles, multiple KLP61F and Ncd motors are thought to act collectively and antagonistically, but it is unclear how ''collective antagonism'' would influence individual motor output or whether it could produce the predicted stable steady-state spindle length [9] . To our knowledge, competitive motility assays with antagonistic, opposite-polarity motors have only been performed previously with small numbers of kinesin-1 and dynein [31] , where the alternating action of the two transport motors caused MTs to undergo bidirectional plus-and minus-end-directed motion, but it is unclear whether similar motility would be driven by other antagonistic motors, like KLP61F and Ncd, that act in large numbers in the spindle.
Competitive in vitro motility assays could reveal the type of motility driven by the composite action of KLP61F and Ncd, whether their interaction could control the speed and polarity of MT motility (and, by extrapolation, the rate of spindle elongation), and whether the antagonism between these motors could stall MT sliding in a manner capable of producing the predicted transient, stable steady-state spindle lengths observed in vivo [28, [32] [33] [34] . Such assays, performed with multiple KLP61F and Ncd motors, could also address how collective motor action influences MT motility [35] . With multiple low-duty-ratio kinesin-14 motors and even small numbers of high-duty-ratio kinesin-5 motors, it is unclear how each attached motor could take a step if others are attached in a different chemical state and not ready to take a step. It is possible that strain-dependent mechanochemistry must synchronize their mechanochemical cycles so that they all take a step at once [36] [37] [38] . Such collective action could cause complex motility-for example oscillations [36, 39] .
Here, we investigated these issues with purified active KLP61F and Ncd. Specifically, we assayed KLP61F to identify a domain (lacking the bimC box) that is important for its homotetramerization and to investigate KLP61F interaction with Ncd in multiple-motor motility assays, with the aim of testing the feasibility of the predicted antagonistic-sliding-filament mechanism.
Results

Purification of Recombinant rKLP61F and rNcd
The yields of KLP61F purified from Drosophila embryos via MT affinity were too low for extensive biochemistry [2] , and we were unable to purify Ncd from embryos because of its low abundance (next section). Ncd and KLP61F have been purified from bacterial expression systems [21, 23, 25, 40] , but in our hands these preparations tended to aggregate and precipitate. Here, we used baculovirus expression to obtain high yields of monodisperse, purified, active, full-length rKLP61F and rNcd (Figure 1 ). Both proteins containing N-terminal 63 His-tags were purified from Sf9-cell high-speed supernatants with Ni-NTA affinity chromatography, followed by Biogel A-15M open-bed gel-filtration chromatography (yields w0.9 mg pure rKLP61F and 1.5 mg rNcd per 1 liter culture; Table 1 ) and retained motility when stored on ice for up to 20 hr (in contrast to native KLP61F, which was inactivated within 6 hr [2] ). We also expressed similar yields of a mutant KLP61F in which the phosphorylatable bimC box residue 933Thr was changed into Glu to mimic phospho-KLP61F ( Figure 1C ).
Oligomeric State of rKLP61F and rNcd Native Drosophila embryo KLP61F is homotetrameric [2, 17] (Table 2) . We estimated the oligomeric state of Ncd in embryo extracts by using immunoblotting of subfractions obtained with MT affinity, gel filtration, and sucrose-density-gradient centrifugation [2, 41] and found that its Stokes radius, sedimentation coefficient, and native molecular weight are consistent with a homodimeric structure (Table 2 ) similar to bacterially expressed Ncd [27] . Similarly, we measured the molecular weight (MW) of native purified baculovirus rKLP61F, the phosphomimic mutant KLP61F T933E, and rNcd, which are each composed of a single subunit on SDS gels (Figure 1C) ; these measurements were based on 5%-20% sucrose-gradient centrifugation and analytical gel-filtration fast-protein liquid chromatography (FPLC; superose 6 high-resolution [HR] 10/30, GE Pharmacia). The ratios of MW holoenzyme to MW subunits show that both wild-type and mutant rKLP61F are homotetramers, whereas rNcd is a homodimer (Table 2) ; the exact identity between the number of subunits per native and recombinant motor holoenzyme was a fortuitous surprise.
Identification of a KLP61F Homotetramerization Domain
The homotetrameric structure of kinesin-5 motors is thought to be essential for driving a MT-MT sliding-filament mechanism [19] , but little is known about how it forms such a tetramer or whether the regulatory bimC box is required [22] . To identify sequences required for forming a KLP61F homotetramer, we analyzed oligomerization of KLP61F subfragments (Figure 2A ). Hydrodynamic analysis of baculovirus-expressed proteins ( Figure 2B and Table 3 ) [2, 41] revealed that a region comprising the C-terminal half of the stalk domain (residues 631-920) is required for forming a stable tetramer. This region contains two predicted coiled coils. Interestingly, fragments lacking this region appeared to form monomers, whereas a subfragment of this domain (K631-790), which contains only the N-terminal coiledcoil segment, behaved as a mixture of dimer and tetramer in a molar ratio of 1.95:1.0 ( Figures 2C and 2D) . The K791-920 subfragment, which contains only the second predicted coiled coil, is a monomer. This suggests that the N-terminal coiled-coil region directs formation of an unstable tetramer, but the second coiled coil is required for tetramer stability. Significantly, the bimC-box and tail domains appear to have no effect on homotetramerization.
MT-Motility Assays
Purified baculovirus-expressed rKLP61F and rNcd move MTs in motility assays, as expected [2, 23, 25, 40] . rKLP61F is plus-end directed and moves MTs over coverslips with the minus ends (brighter part) leading at 0.04 mm/s, whereas rNcd is minus-end directed and moves MTs with the plus ends leading at 0.1 mm/s ( Figure 3A ).
Full-Length, Motorless, and Tailless KLP61F Tetramers and Ncd Dimers Cross-link MTs into Bundles in MgATP
The antagonistic-sliding-filament model predicts that KLP61F and Ncd can cross-link MTs into bundles under physiological MgATP concentrations. To test this, we mixed pure full-length proteins ( Figures 1A-1C ) with fluorescent MTs in 1 mM ATP and examined them by fluorescence microscopy. This showed that KLP61F alone, Ncd alone, and mixtures of KLP61F and Ncd can bundle MTs under these conditions. However, a control dimeric kinesin-1 neck-motor-domain construct does not bundle MTs ( Figure 3B ), suggesting that MT crosslinking is not due to the action of two heads at only one end of the protein. Monomeric KLP61F subfragments and tetrameric-stalk subfragments lacking both the motor and C-terminal tail domains cannot cross-link MTs into bundles. Surprisingly, however, homotetrameric KLP61F subfragments containing either a head or a tail domain can bundle MTs (Table 3 , Figure 3B ), suggesting that both the head and tail domains of KLP61F can bind MTs in the presence of MgATP. Cryo-electron microscopy confirmed that KLP61F and Ncd can bundle MTs. In the absence of either motor, individual MTs were observed to lie on the EM grid in random paths with no evidence of any interactions between adjacent MTs ( Figures 4A, 4D , and 4G). However, upon incubation with KLP61F and/or Ncd under conditions identical to those used for fluorescence microscopy, the MTs were consistently organized into threedimensional bundles that ranged in diameter from 50 to 1000 nm ( Figures 4B, 4C , 4E, 4F, and 4H-J). It appeared that MT bundles formed by Ncd were more compact than those formed by KLP61F ( Figures 4E and 4F) , possibly because the shorter stalk of Ncd homodimers forms shorter MT-MT cross-bridges than those of the longer KLP61F stalk. Although indistinct protein molecules decorated the MTs within these bundles, we were unable to clearly resolve the structure of the KLP61F and Ncd cross-bridges. In addition, although we consistently observed robust bundling by KLP61F and Ncd, we did not observe convincing MT-MT sliding in motility assays performed under these conditions, for which more sophisticated assays may be required [19] .
Competitive-MT-Motility Assays
Our sliding-filament model suggests that KLP61F and Ncd function antagonistically to position spindle poles, but whether they can generate antagonistic forces to drive competitive motility has not been tested (A) MT gliding, driven by purified rKLP61F and rNcd, in motility assays. Polarity-marked MTs move in the gliding assays for rKLP61F and rNcd with velocities of 0.04 mm/s and 0.10 mm/s, respectively. MT is minus-end leading in KLP61F gliding assay and is plus-end leading in Ncd gliding assay, which confirms that KLP61F is a plus-end-directed motor and Ncd is minus-end directed. The scale bar represents 5 mm.
(B) MT bundling by purified full-length rKLP61F, rNcd, and different fragments of KLP61F. Fluorescence microscopy shows that purified rKLP61F and rNcd have obvious bundling activity. In the presence of 1 mM ATP, free MTs cannot be bundled by HK560 but can form robust MT bundles in the presence of rKLP61F, rNcd, and rKLP61F + rNcd. Tetrameric K1-960 and K354-1066 can also form robust MT bundles at the same conditions. The scale bar represents 10 mm.
biochemically. To do so, we mixed KLP61F and Ncd in different molar ratios and monitored MT motility (Figure 5 ). In the presence of only Ncd (mole fraction of Ncd = 1.0), minus-end-directed motility at 0.1 mm/s was observed, but as the mole fraction of Ncd decreased (i.e., increasing the relative concentration of KLP61F), the rate of Ncd-driven motility decreased in a dose-dependent manner (right part of Figure 5A ). A similar but less-pronounced effect was seen when starting with only KLP61F and decreasing its relative concentration (left part of Figure 5A ). At a certain ''balance point'' (mole fraction of Ncd = 0.7 on Figure 5A ), MTs displayed a mean velocity of approximately zero. For brief time periods, the MTs lay immotile on the coverslip (e.g., 0-40 s in Figure 5B ) but, although they never displayed persistent net motility in either the plus-or minus-end directions, they did display periods of oscillatory motion, rapidly switching back and forth between KLP61F-directed and Ncd-directed movement (e.g., 40-200 s in Figure 5B ), at intermediate rates of 0.02 mm/s. 23 mm z 20/mm motors interact with MTs. Because MT lengths are between 3 and 6 mm, we estimate that w100 motors interact with each MT in our assays (also see the theoretical estimate in the Supplemental Data). These numbers are plausibly similar to those acting on ipMTs in the spindle [12] .
Without Ncd, multiple KLP61F motors move MTs at approximately +0.04 mm/s, close to the rate of gliding of a single kinesin-5 motor. Therefore, multiple Ncd or KLP61F motors can act in synchrony. However, in antagonisticgliding assays (Figure 5 ), if the number of motors of one polarity is significantly greater than those of opposite polarity, then MTs are moved in the direction determined by the majority of motors, albeit with the average speed being a decreasing function of the fraction of the opposing motors. Specifically, when the mole fraction of KLP61F decreases from 1 to 0.4, the gliding rate decreases <2-fold, from 0.04 mm/s to w0.025 mm/s. On the other hand, when the mole fraction of Ncd decreases from 1 to 0.8, the gliding rate decreases >2-fold, from 20.1 mm/sec to approximately 20.04 mm/s. These data are consistent with the hypothesis that KLP61F is a strong, slow motor (i.e., with a relatively high stall force) that is slowed down relatively little by the faster, yet weak, Ncd motor, and vice versa. This is consistent with studies of kinesin-1 and dynein [31] and suggests that multiple opposite-polarity motors can generate unidirectional gliding of a single MT with speed and polarity determined by the balance between the relative numbers and strengths of antagonistic motors.
However, when we tried to fit the experimental molefraction-versus-velocity data ( Figure 5 ) with a single formula for a force balance between two kinds of motors, each characterized by its own certain force-velocity relationship, the fit worked only with strong nonlinearities in the force-velocity relations, and such nonlinearities are difficult to justify biologically. On the other hand, the data can be fit very simply if we assume that there are two qualitatively different regimes for plus-endand minus-end-directed MT gliding, whereupon the corresponding quantitative model fits the data very well (Box 1; Figure 5 ).
The Onset of Directional Instability of MT Gliding When Opposing Motors Balance Each Other
It would be natural to expect that at a certain ratio of opposing motors, the motors would simply stall each other, so that MT gliding is not seen, but instead we found that gliding is not completely stalled in the narrow range of mole fractions (w28% of KLP61F and w72% of Ncd plus/minus several percent) in which net unidirectional MT gliding ceases. Rather, small MT oscillations occur so that MTs move bidirectionally by making short, irregular excursions alternately in the plus-and minusend directions with rates of w0.02 mm/s ( Figure 5 ), a behavior that is somewhat reminiscent of directional instability. The average duration and distance of MT excursions between the switches in the direction of movement are w15 s and w0.3 mm, respectively (Supplemental Data). The simplest explanation for the observed directional instability would be random power strokes by individual motors displacing a MT by a few nm at a time in either direction with equal probability, but quantitative analysis of the MT trajectories does not support this ( Figure 5 and Supplemental Data), suggesting that other explanations must apply (see Discussion).
Discussion
Using purified, monodisperse, active homotetrameric KLP61F and homodimeric Ncd, we demonstrated that both of these motors can cross-link MTs into bundles in MgATP and showed that they drive antagonistic MT sliding in motility assays. We also found that the C-terminal half of the rod is essential for homotetramer assembly by KLP61F and is required for the MT-MT cross-linking that underlies its postulated sliding-filament mechanism. Quantitative analysis suggests that antagonistic sliding could control the rate of spindle elongation and could produce a steady-state prometaphase spindle length, but with individual interpolar MTs undergoing small bidirectional movements.
Homotetramerization of KLP61F and the SlidingFilament Mechanism
Although kinesin-5 motors very likely form bipolar homotetramers with motor domains on opposite ends of a rod [2, [17] [18] [19] , little is known about the structural determinants required. The finding that the phosphorylation of the bimC box in the tail domain of kinesin-5 targets this motor to mitotic-spindle MTs [22] , where it could slide apart ipMTs to push apart the spindle poles [21] , suggested that the bimC box could activate homoteramerization. However, a stalk segment (residues 631-920) that lacks the bimC box can form homotetramers. This, together with the observation that a bimC-box phosphomimic mutant can form homotetramers just like nonphosphorylated KLP61F, suggests that the bimC box does not participate in tetramer formation.
Instead, we identified within the stalk segment an assembly domain (K631-920) that contains two predicted coiled-coil regions. Fragments lacking this domain form monomers, whereas fragments containing it form tetramers of different stability. Of the two coiled coils within K631-920, the N-terminal coiled coil located within subfragment K631-790 directs formation of dimers and tetramers, whereas the C-terminal coiled coil located within subfragment K791-920 directs monomer formation. These results suggest that the entire region spanning residues 631 to 920 is required to form stable tetramers.
The idea that homotetramers are required for a KLP61F-driven sliding-filament mechanism [2, [17] [18] [19] 21] is supported by the demonstration that KLP61F, like Ncd [25] , is capable of forming robust MT-MT bundles in MgATP. Significantly, full-length, motorless, and tailless tetramers, but not monomers or tetramers lacking both the motor and tail domains, could bundle MTs, suggesting that both the motor and tail domains have MT binding activity. However, in our assays, we did not obtain convincing evidence for MT-MT sliding. While our work was in progress [19] , elegant opticaltrap experiments demonstrated that frog kinesin-5 can indeed slide apart MTs in vitro, providing support for the sliding-filament mechanism. It seems plausible that similar biophysical approaches would reveal that KLP61F is capable of driving such motility.
Antagonistic MT Motility Driven by KLP61F and Ncd
Using competitive-MT-motility assays, we showed that multiple KLP61F and Ncd motors can act synchronously to antagonize one another. The assays demonstrate that when these motors act collectively, KLP61F motors are strong and slow, whereas Ncd motors are weak and fast, in agreement with [20, 26, 29] . Motors of the same polarity are able to cooperate, even in the presence of a small number of opposite-polarity motors. The opposing motors are unable to generate power strokes but rather act as brakes by attaching and detaching from MTs and generating protein friction. This has important biological implications for the mitotic spindle, where multiple motors of opposite polarity act on pairs of overlapping MTs and compete mechanically. Our in vitro assay justifies models suggesting that by regulating relative numbers and activities of the opposite-polarity motors, the cell can regulate the rates of spindle elongation [33, 34] . Furthermore, our model predicts that motorless KLP61F constructs would cross-link MTs to provide drag at all mole fractions, but not motility, causing the curved region of the velocity-mole-fraction
Box 1. Force Balance Model of KLP61F-Ncd Action
We make the following assumptions:
(1) First, both Ncd and KLP61F are characterized by linear force-velocity relations: One motor generates the force f = f n;k ð1 6 v Vn;k Þ, where indices n and k correspond to Ncd and KLP61F, respectively. Here, v is the gliding rate, f n,k is the maximal force generated at stall, and V n,k is the free-motor gliding rate in the absence of the load. Such relation is a good approximation for mechanical properties of Eg5, analog of KLP61F [B1]; we assume it is qualitatively similar for Ncd. (2) Second, the net force generated by a number of synchronized motors is additive: n Ncd motors generate force nf n ð1 + , and assumed for Ncd). Instead, the opposing motors work as ''brakes,'' exerting effective protein friction and slowing down the ''winning majority'' of motors. This force is proportional to the sliding rate [B2]. Strong KLP61F motors become a brake if there are fewer than w25% of them; then they exert the resistive force kz k v, where z k is the corresponding effectivedrag coefficient for one KlP61F motor. Similarly, weak Ncd motors become a brake if there are fewer than w65% of them; then they exert the resistive force nz n v, where z n is the corresponding effective-drag coefficient for one Ncd motor. The resulting two equations, nf n ð1 + v Vn Þ = kz k v and kf k ð1 2 v Vk Þ = nz n v, which correspond to two opposite directions of MT gliding, can be solved analytically (Supplemental Data). The solutions express the gliding rates as functions of the Ncd molar fraction:
where x = n n + k is the Ncd molar fraction and 3 k and 3 n are the normalized protein-friction drag coefficients. Note that the result depends on two known free-gliding motor velocities and only two unknown parameters, 3 k and 3 n . These parameters can be found by fitting the data (Supplemental Data). relation, a region corresponding to active Ncd in Figure 5 , to now extend to the whole range of the mole fractions. We also made an important observation that in order to stall MT sliding, the ratios of the opposite-polarity motors have to be fine tuned in a very narrow range, and even when the motors balance each other, true mechanical equilibrium is not achieved. This is contrary to expectations from earlier work [31] , in which the authors speculated that the directional-instability regime is characteristic for a small number of motors associated with each individual MT and that a large number of balanced opposing motors (as in our study) would truly stall gliding. Rather than stalling one another to produce immotile MTs, multiple balanced opposite-polarity motors exhibit very small fluctuations, reminiscent of directional instability, by switching between short periods of partial synchronization of the same type of motors. This directional-instability regime is not similar to that observed during prometaphase when chromosomes make more persistent poleward and antipoleward excursions with more or less constant speed [42] . In that case, the corresponding velocity distribution is strongly bipolar, whereas in our assay, the MT velocity is normally distributed with the mean zero and standard deviation of w0.02 mm/s, so that the MT is usually either pausing or moving slowly (Supplemental Data).
What is the explanation? Monastrol-inhibited kinesin-5 displays diffusive motion with a similar effective-diffusion coefficient (w1000-3000 nm 2 /s) to that of the directionally unstable MTs observed over long time scales in our study ([43] and Supplemental Data). Thus, it is possible that balanced, mitotic motors move diffusively to produce random runs in both directions. However, the multiple motors would have to synchronize the directions of these runs, but the mechanism of such synchronization is unclear. It is also possible that MTs glide on a spatially varying landscape, created by stochastic variations in the local surface density of KLP61F and Ncd, so that periods of unidirectional gliding are due to patches where one type of motor dominates, and reversals are due to lateral MT movements from one patch to another. Finally, it could be that when the antagonistic motors are almost balanced, one kind of motor ''wins,'' but only transiently, because the opposing load is too strong, increasing the effective dissociation rate of the winning motors so the number of working winning motors exponentially decreases. When almost all the winning motors dissociate, after a brief pause, either motor makes a stochastic synchronous step to start a new unidirectional run. Repeated, this cycle would result in the observed bidirectional gliding. Further work will be needed to elucidate the microscopic mechanism of the directional instability.
Implications for Mitotic-Spindle Assembly and Elongation in Drosophila Embryos
The results show that KLP61F and Ncd can drive antagonistic MT motility, which we propose may be important in maintaining spindle length specifically at the onset of the prometaphase-metaphase transition in Drosophila embryos [9, 10] . However, other factors clearly play important roles in spindle-length determination as well. For example, in embryonic spindles at subsequent metaphase, the KLP61F-dependent outward sliding of the ipMTs is counterbalanced by their depolymerization at the poles, leading to a constant spindle length, whereas the suppression of depolymerization leads to anaphase B spindle elongation [11, 12] . Moreover, there are suggestions that these and other mitotic motors are deployed differently in S2 cells [44] , as reflected in observations that loss of Ncd function by RNAi in S2 cells causes severe disorganization of spindle poles [45] , whereas in ncd null embryos, spindle poles remain focused and only minor truncations of the extent of the prometaphase and metaphase steady state are observed [11] . Further work will be required to determine exactly how the proposed KLP61F-Ncd antagonistic-sliding-filament mechanism is deployed in different situations.
Motility assays combined with quantitative modeling are consistent with the hypothesis that KLP61F and Ncd motors serve as brakes to slow down one another's activity. It is plausible to think that during mitosis, the resulting force balance may be regulated so as to modulate the number of active KLP61F and Ncd motors, and this regulation could in turn control the rate and extent of spindle-pole separation as has been proposed for the control of the rate of mitotic movements at different stages of mitosis, on the basis of in vivo studies and modeling [10, 28, 33] . However, at the balance point, the two motors do not completely stall one another to produce immotile MTs as would be predicted if the KLP61F-Ncd force balance, acting on its own, were to maintain a completely stable steady-state prometaphase spindle length, as in the transient-steady-state model for spindle assembly [9, 10] . Instead, at the balance point, MTs can remain immotile for periods of tens of seconds, but they also undergo episodes of unstable, oscillatory behavior, moving alternately over submicrometer distances in the plus-and minus-end directions at a rate intermediate between the rate of KLP61F or Ncd alone. Despite these small fluctuations, it is possible that KLP61F and Ncd can maintain a stable prometaphase spindle length of the type observed in Drosophila embryos because (1) such fluctuations are too small to be detected by light-microscopic observations of pole-pole spacing in vivo, and (2) in the spindle, many mechanically coupled interpolar MTs cooperate to regulate spindle length, and the concerted action of these multiple MTs, undergoing nonsynchronous small fluctuations, would cancel out the fluctuations displayed by individual MTs of the type observed in our in vitro assays. Finally, it is also possible that other factors, for example the buffering of ipMT sliding by MT depolymerases on the spindle poles [11, 12, 44] or unusual hetero-oligomeric arrays [32] , may contribute to the maintenance of the steady-state length of the mitotic spindle.
Experimental Procedures
Motility Assays Polarity-marked MT gliding over a casein-treated glass coverslip coated with pure rKLP61F or pure rNcd was performed as described previously [2] , with a few modifications. We used buffer L (20 mM Tris [pH 8.0], 75 mM KCl, 2 mM MgCl 2, 2 mM DTT, protease inhibitors) to replace PMEG buffer (100 mM K 2 PIPES [pH 6.9], 5 mM EGTA, 0.5 mM EDTA 2.5 mM MgSO 4 , 0.9 M glycerol, 1 mM DTT, protease inhibitors) because rKLP61F and rNcd were precipitated in PMEG. Polarity-marked MTs were seen by fluorescence microscopy to glide over the coverslip surface in the presence of 1 mM ATP. Images were taken and analyzed with Metamorph Imaging software (Universal Image). For antagonistic-sliding assays, both pure rKLP61F and rNcd were used right after the gel-filtration column without freezing. The adsorption efficiency of the motor protein to the coverslip was determined by using the bioassay described by Ron Vale [31] . Within the assay's concentration range, KLP61F, Ncd, and KLP61F mixed with Ncd display essentially 100% adsorption to the casein-coated surfaces. Different ratios of rKLP61F and rNcd were mixed and then applied into the flow cells for the gliding assay. Assays of different ratios of motors were performed with the same batches of purified proteins. Serial dilutions of the motor protein to find the minimal required concentration for motility was used as a standard to ensure that each protein keeps the same ''active concentration'' through the whole assay. Only MTs performing smooth movements (no pauses or collisions with other MTs) for more than 1 min (except at the balance point) were used for velocity measurements.
MT-Bundling Assays
For full-length rKLP61F and rNcd, the gel-filtration fractions were pooled and concentrated by Centriprep 30 as described previously [2] . For different KLP61F fragments, the proteins purified from Ni-NTA affinity columns were dialyzed against buffer L, and the samples were then centrifuged at 12,000 3 g for 15 min to remove any protein aggregates. Fluorescent MTs were polymerized by incubating 25 mM tubulin (Cytoskeleton) + 1 mM rhodamine tubulin (Cytoskeleton) with 1 mM GTP and 10 mM taxol in BRB80 (80 mM K 2 PIPES, 1 mM EGTA, 1 mM MgCl 2 ) + 10% glycerol at 37 C for 35 min. MTs were pelleted and resuspended in buffer L. Bundling assays were performed in buffer L with 2.5 mM MTs, 0.2 mM motor proteins or fragments thereof, 10 mM taxol, and 1 mM ATP (final concentrations). The mixture was rocked at room temperature for 30 min. Mixtures of 25 ml were transferred into a flow chamber with a 0.02 mg/ml DEAEDextran-coated coverslip. The unstuck mixture was washed out with 75 ml buffer L + 1 mM ATP + 10 mM taxol + antifade after 3 min. Bundling of fluorescent MTs was observed by fluorescence microscopy (Nikon E600). Human kinesin-1, fragment HK560 (1-560 aa with GFP on the C terminus) was a gift from Ron Vale's Lab at UCSF and was used under the same conditions as a control. Each experiment was repeated more than three times to ensure consistent results.
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